One day after the herbicide 2,4-D was applied to 1050 m 2 of a pastoral hillslope in Waikato, runoff was generated with a sprinkler-type rainfall simulator and 2,4-D transport in surface runoff was measured. The runoff coefficients differed significantly between an autumn (47%) and a spring (19%) event in spite of similar pre-event soil water conditions. Saturation excess with a variable contributing area had earlier been identified as the main runoff generating process for the autumn event.
INTRODUCTION
Since their development 50 years ago, herbicides have been used extensively in agricultural production, but they have also had an adverse affect on environmental quality. Every herbicide application usually has some off-target effects on the environment. Non-point source pollution, including surface runoff, leaching, spray drift and drainage water, is responsible for residues in waterways. It is believed that in New Zealand, herbicide runoff from pasture contributes to surface water contamination (Wilcock & Costley 1991) . Field experiments in cropping situations overseas have produced evidence that major losses are always associated with heavy rainfall events that occur within the first 14 days of herbicide application (Wauchope 1978) . This study concentrates on a worst case situation by using a rainfall simulator to produce a rainfall event strong enough to induce substantial surface runoff one day after herbicide application to pasture. The herbicide of choice was 2,4-D as it is a widely used herbicide on New Zealand pasture for controlling broadleaf weeds, belongs to the phenoxy hormones that constitute one of the most important pesticide classes in the country (Manktelow et al. 2005) , and has been detected in New Zealand water resources (Close & Rosen 2001) . The objective of this study was to investigate the impact of seasonal plant and soil properties on 2,4-D concentration and loads in runoff from a pastoral hillslope section under conditions favourable for runoff generation.
METHODS
The project was conducted on a hillslope section of 1050 m 2 in the Pukemanga catchment (Whatawhata Hill Country Research Station). The site was under a traditional sheep pasture with perennial ryegrass/white clover (Lolium perenne/Trifolium repens). The slopes of the hillslope section ranged from approximately 5° to 35°. According to the New Zealand Soil Classification System (Hewitt 1998 ) the soil at the experimental site is classified as a Mottled Yellow Ultic Soil, which corresponds to an Aquic Hapludult (USDA classification system). Information on some physical properties determined at four soil profiles on the hillslope (Fig. 1 ) is compiled in Table 1 . For a compilation of soil data see Müller et al. (2004) . Soil texture is silt loam in the A-horizon and loamy clay or silty clay below. The topsoil horizons are well drained and underlain by an argillic Bt(g) horizon enriched with translocated clay. This horizon is strongly gleyed indicating prolonged periods of saturation and imperfect drainage conditions. The profiles showed some spatial variability (Table 1) . The hillslope was equipped with a range of instruments including a large sprinklertype rainfall simulator, as described in Elliott et al. (2002) . In this study, rainfall events were simulated in autumn and in spring. During the autumn run, the locations RW1 and RW4 at the base of the hillslope were equipped with tensiometers ( Fig. 1 ). Tensions were recorded every 15 min during the autumn event and every 5 min during the spring event at four soil depths, namely 0.1, 0.25, 0.5 and 0.8 m, except that the second depth was 0.35 m at RW4.
2,4-D ethylhexylester (Pasture Kleen TM ) was applied at 1050 g/ha in 150 litres/ha using a knapsack sprayer on 11 June 2003 (autumn) and 21 October 2004 (spring). One day after the herbicide application, simulated rainfall was applied for approximately one hour at an average intensity of 40 mm/h. This event has an 8-year annual recurrence interval.
Runoff was logged in a 0.305 m H flume installed at the outlet of the hillslope section. Runoff samples of 1 litre were taken every 3 min during the rainfall events and at 15-min intervals thereafter for 120 min. Dissolved 2,4-D concentrations in the runoff water were analysed after acidification, clean-up via SPE and subsequent esterification by HPLC. The procedure is described in detail elsewhere (Müller et al. 2006) .
RESULTS AND DISCUSSION Soil hydrological response to the rainfall events
The initial soil hydrological conditions for the two rainfall simulations in this study were similar as both events were simulated during periods of wet weather characterised by frequent rain and relatively low evaporation rates. Water tensions recorded at the locations RW1 and RW4 ranged between -150 and -400 mm for the autumn event and between -190 and -540 mm for the spring event (Fig. 2) .
A detailed analysis of the hydrological response of the hillslope section to the autumn event is presented in Müller et al. (2006) . In summary, the footslope (RW1) was very quickly and completely saturated from the bottom of the profile to the top. The saturated conditions persisted for many hours after the rainfall event. Lateral subsurface flow down the hillslope was identified as the key process for the hydrological response observed and this hypothesis was based on the timing and length of saturation, as well as on additional laboratory data on lateral and vertical saturated hydraulic conductivities (Table 1) . A totally different response was seen to the simulated rainfall in spring, even though the initial hydrological conditions for both runs were almost identical. The soil water tensions recorded at RW1 and RW4 for both events are shown in Figure 2 . The most significant difference between the tensions recorded at RW1 during the two events was not the recorded absolute values, but the time it took to reach saturation and the length of time saturation prevailed. While the subsoil depths at RW1 reached saturation at comparable times during both events, a major difference was observed at the 0.1 m depth. In autumn, saturation of the topsoil was reached after about 15 min of rain, coinciding with the first surface runoff being measured at the weir. In contrast, saturation of the topsoil was only recorded after almost 60 min of rain in spring, i.e. at the end of the event and approximately 40 min after the onset of surface runoff at the weir. While saturated conditions at all depths of RW1 lasted for more than 8 hours in autumn, they lasted only for a maximum of 2.5 hours in spring.
During the autumn event, only the 0.35 m depth tension data from RW4 clearly indicated saturated conditions, while all other depths remained just below full saturation. In contrast, full saturation was recorded in spring at all depths but 0.1 m, reflecting the build-up of a perched water body.
It had earlier been concluded that the quickly developing and long-lasting saturation observed in autumn at RW1 could be explained by the steady replacement of vertically draining water by lateral flow arriving from upslope locations, which also prevented the build-up of perched water at the upslope profile RW4 (Müller et al. 2006) . Conversely, observing a build-up of perched water at RW4 in spring while not observing an extended period of saturated conditions at RW1 would indicate that downslope lateral flow was insignificant during the spring event.
Surface runoff
In line with the soil water tension, the surface runoff response also varied markedly between the autumn and spring events (Fig. 3) . In autumn, runoff started after 16 min and peaked at the end of the rainfall (66 min) with a flow rate of 6.9 litres/s. Surface runoff started only slightly later in spring (20 min), but the peak flow rate, reached at the end of the rainfall (59 min), was only 3.5 litres/s. Accordingly, the runoff coefficient was 47% in autumn, but 19% in spring. The conclusion from the analysis of the hydrological response for the autumn event was that runoff was mainly generated as saturation excess with a variable contributing area in the convergent area of the hillslope section (Müller et al. 2006) . In spring, saturation excess could not have been the dominating runoff generating process as saturated topsoil conditions only occurred 40, 20 and 35 min after runoff had started at RW1, RW6 and RW7, respectively, and not at all at RW4. The saturated hydraulic conductivities measured in the laboratory ( Table 1 ) would suggest that infiltration excess is not likely to have been the main runoff generating process, as they were higher than the average rainfall intensity. However, saturated hydraulic conductivities at the time of the spring event might have been lower than in winter 2003 when the soil samples for the lab analyses were taken. Seasonal variability in hydraulic conductivities of the soil in the Pukemanga catchment has already been reported by Elliott et al. (2002) . Grazing of the hillslope by sheep during the week prior to the spring event may have reduced topsoil infiltration rates. Moreover, water repellent plant and/or topsoil conditions might have contributed to the initiation of runoff. Hydrophobicity is transient and can significantly alter the hydrological properties of soils and lead to a reduction in infiltration capacity and enhance overland flow . The production of hydrophobic compounds by plants has been suggested as a mechanism for suppressing the germination of competing vegetation in spring . However, hydrophobicity would generally be expected to play a major role only in summer under drier pre-event soil conditions.
Dissolved herbicide loss in surface runoff
As the pasture cover was very good before both events, it can be assumed that at least 40% of the herbicide applied was intercepted by the pasture foliage (Linders et al. 2000) and was no longer available for runoff transport processes during the rainfall events 24 h after herbicide application. During the entire runoff event the 2,4-D concentrations in autumn were above those measured in spring (Fig. 3) . Consequently the event-averaged 2,4-D concentration in runoff during the autumn event (0.49 mg/litre) was markedly higher than in spring (0.24 mg/litre). The opposite was expected, namely higher 2,4-D concentrations in spring than in autumn, due to the lower runoff volume and thus lower dilution factor in spring compared to autumn. It is likely that higher volatilisation losses in spring due to higher average ambient temperature (19°C versus 14°C) contributed to the difference in herbicide concentration levels.
In both events the herbicide concentrations showed an exponential decrease with time ( Fig. 3) , which was best described by power functions with regression coefficients of 0.82 and 0.95 in autumn and spring, respectively. The observed concentration pattern can be explained by progressive desorption of 2,4-D from soil particles into the runoff mixing zone (Ma et al. 2004 ). The desorbed herbicide was then either transported into the soil with infiltrating water or transported downslope in surface runoff. The fate of the herbicide leached into the soil profile differed during the two events. In spring the infiltrating water built up in the soil, while in autumn a substantial part of the infiltrating water flowed as subsurface lateral downslope and exfiltrated in the footslope where it mixed with surface runoff water. The lower regression coefficient in autumn is due to the distinct jump in concentration values coinciding with the end of the rainfall event. At this stage the contribution of exfiltrating subsurface flow to surface runoff gained in relative importance, as direct runoff of rain falling onto saturated soil ceases. The exfiltrating water quite likely contained higher herbicide concentrations than the water running off soil surfaces depleted of herbicide after an hour of heavy rainfall. The exported 2,4-D loss in autumn totalled 75 g/ha, which equals 7% of the applied mass compared to only 1.4% (14 g/ha) during the spring event.
